Abstract. ZnS:Mn nanoribbons and ZnS:Mn,Eu triangular nanoprisms grown by thermal evaporation of ZnS powder `mixtures containing MnCl 2 , and MnCl 2 + EuCl 3 powders respectively were investigated using X-ray excited optical luminescence (XEOL) together with X-ray absorption fine structure spectroscopy (XAFS) in total electron yield (TEY) and wavelength selected photoluminescence yield (PLY). XEOL and XAFS measurements were performed by tuning the X-rays to the Zn, and Mn L 2,3 -edge absorption regions, selectively exciting the respective elements. The dominant emissions resulted from the characteristic 4 T 1 -6 A 1 transitions of the Mn 2+ ion (576 nm) in the ZnS:Mn nanoribbons and ZnS:Mn,Eu nanoprisms. The results provide insight into the energy transfer mechanisms that occur and how they affect the overall luminescence of the Mn doped ZnS nanostructures.
INTRODUCTION
One-dimensional nanostructures have gained a lot of interest lately due to their potential applications in many nanoscale opto-electronic devices and sensors. [1] Specifically, ZnS nanostructures have been at the forefront of this research due to the fact that it is a wide-band gap (3.7 eV) semiconductor, and has played an important role as a commercial phosphor for many years. [2] One of the key reasons for the success of ZnS is its ability to act as a host to a wide variety of transition metal and rare earth dopants. Doping ZnS systems can alter the electronic and optical properties of the system through the dopanthost interaction. [2, 3] By altering the functionality or the concentration of the dopants, the opto-electronic properties can be tailored to a specific application. For optical applications, such as flat panel displays and cathode ray tubes, Mn 2+ has been utilized for its orange-yellow emission in ZnS. In addition, Mn 2+ has 5 unpaired 3d electrons making it an excellent candidate for magnetic and spintronic applications. [4] Recently, various Mn 2+ doped ZnS nanowires have been prepared using several different synthetic methods. [5] [6] [7] Here we report the synchrotron studies of a couple of doped ZnS nanostructures: ZnS:Mn nanoribbons (NR) and ZnS:Mn,Eu triangular nanoprisms (NP) recently synthesized in our laboratory. The optical and electronic properties of these Mn 2+ doped ZnS nanostructures have been studied using X-ray Absorption Fine Structures (XAFS) in combination with X-ray excited optical luminescence (XEOL) techniques. [8, 9] XEOL monitors the luminescence from a light emitting material, upon the absorption of an energetic X-ray photon. Essentially, XEOL is an X-ray photon in, optical photon out technique. XEOL with synchrotron radiation has the added advantage of being element, chemical and excitation-channel specific, which is achieved by tuning the photon energy to a particular absorption edge of an element, thereby exciting preferentially, those sites responsible for the optical emission. [8] [9] [10] [11] [12] The optical yield, in turn, has been used to monitor the absorption; this technique is sometimes called optical XAFS.
EXPERIMENTAL
Synthesis of the doped ZnS nanostructures in the present work is described in detail previously. [6, 13] Briefly, ZnS:Mn nanoribbons and ZnS:Mn,Eu triangular nanoprisms were produced from a mixture of commercial ZnS powder and MnCl 2 powder (4:1), and MnCl 2 and EuCl 3 powder (10:1:5), respectively. The doped ZnS nanostructures were prepared by the thermal evaporation of the respective mixtures which were placed in an alumina boat at the center of an alumina tube placed in a high temperature horizontally mounted tube furnace. The nanostructures were grown on Si wafers, coated with Au nanoparticle (size ~ 2 nm) catalysts. During the fabrication process, the temperature of the alumina tube was held at 1100ºC for 2 hr. while Ar (flow rate: 100 sccm) was introduced into the tube and the pressure in the tube was reduced to 200 torr. After the reaction the furnace was cooled to room temperature and off-white products were found covering the Si substrates surface.
The products were analyzed by scanning electron microscopy (SEM, LEO 1530), X-ray diffraction (XRD, Rigaku, Co K α radiation, λ = 0.1792 nm). Xray absorption near edge structure (XANES) and XEOL experiments of the Zn and Mn L-edges were measured at the spherical grating monochromator (SGM) beamline (Energy: 200-1900 eV, ΔE/E: <2.0 x 10 -4 ) of the Canadian Light Source (CLS) at the University of Saskatchewan. XEOL was recorded with a JY 100 monochromator, which is equipped with a Hamamatsu R943-02 photomultiplier (PMT). XANES spectra were recorded in total electron yield (TEY) using the specimen current. The optical XANES were also recorded in photoluminescence yield (PLY) using the optical detector.
RESULTS
The SEM images reveal that the products consist of a large quantity of ZnS:Mn nanoribbons (Fig. 1a) and ZnS:Mn,Eu triangular nanoprisms (Fig. 1b) . Further examination reveals that most of the nanoribbons have lengths of tens of μm, widths of 200-800 nm and thicknesses of 20-50 nm. The nanoprisms have lengths of 1-2 μm, widths of 100-200 nm and a height of 40-150 nm.
XRD (Fig. 1c) confirms that both the ZnS:Mn NR and ZnS:Mn,Eu NP are composed of a (hexagonal) wurtzite ZnS structure (lattice constants: a = 0.382 nm and c = 0.626 nm). No characteristic peaks specific to the (cubic) ZnS powder or any other compound are observed indicating that the product is highly pure.
The room temperature XEOL (log scale) of the ZnS:Mn NR and the ZnS:Mn,Eu NP are shown in Figure 1d . Excitation across both the Mn and Zn L 2,3 -edge exhibit a XEOL spectrum with an intense emission peak at 576 nm ( ion. This result is in excellent agreement with photoluminescence studies done on Mn doped ZnS nanowires using UV excitation. [5] [6] [7] 14 ] Additional weak peaks due to the band-edge emission can be observed at 350 nm (3.54 eV) and 366 nm (3.39 eV) for the NR and NP respectively. The red shift of the emission from 3.7 eV in pure ZnS nanowires to 3.54 eV and 3.39 eV in the Mn 2+ doped ZnS is believed to be due to introduction of either excitonic states below the conduction band or acceptor states from the Mn 2+ doping that exist above the valence band. ZnS:Mn,Eu N.P. also have a weak emission peak at 444 nm (2.79 eV) corresponding to the defect-state luminescence; these defect states originate from sulfur vacancies at the surface which give rise to Zn dangling bonds that form shallow donor levels. [14] Sameer et al. [14] reported that the intensity of the blue emission arising due to the defect states of the nanostructures is diminished upon Mn doping; the host semiconductor transfers the energy to the Mn d states in preference to the donor-acceptor surface states, which then de-excite to give the 576 nm emission. For this reason the ZnS:Mn NR which contain a higher Mn 2+ concentration do not possess this defect state emission. Figure 2 shows the PLY-and TEY-XANES of ZnS:Mn NR (Fig. 2a) and ZnS:Mn,Eu NP (Fig. 2b) (Fig. 3 ) also exhibits a much smaller normal edge jump at the L 2 -edge relative to the corresponding L 3 -edge PLY which suggests the possible onset of Coster-Kronig transitions opening up nonluminescent deexcitation channels. It should be noted that the PLY shows a partial inversion at the L 3 -edge of Mn at 650.4 eV that corresponds to the peak maximum of the TEY. PLY inversion is not uncommon in soft X-ray optical XANES and occurs when radiative electron-hole pair production becomes less efficient (decrease in quantum yield and optical decay efficiency) across the edge and is usually caused by other elements competing for the same incoming X-ray photons and different energy transfer pathways. The PLY in Figure 3 reveals that Mn 2+ ions play a very important role in this emission band from ZnS:Mn NR, although the quantity of Mn in ZnS:Mn NR is not noticeable (Fig. 1c) 
